N-acylethanolamine acid amidase (NAAA) is a cysteine amidase that hydrolyzes saturated or monounsaturated fatty acid ethanolamides, such as palmitoylethanolamide (PEA) and oleoylethanolamide (OEA). PEA has been shown to exert analgesic and anti-inflammatory effects by engaging peroxisome proliferator-activated receptor-α. Like other fatty acid ethanolamides, PEA is not stored in cells, but produced on demand from cell membrane precursors, and its actions are terminated by intracellular hydrolysis by either fatty acid amide hydrolase or NAAA. Endogenous levels of PEA and OEA have been shown to decrease during inflammation. Modulation of the tissue levels of PEA by inhibition of enzymes responsible for the breakdown of this lipid mediator may represent therefore a new therapeutic strategy for the treatment of pain and inflammation. While a large number of inhibitors of fatty acid amide hydrolase have been discovered, few compounds have been reported to inhibit NAAA activity. Here, we describe the most representative NAAA inhibitors and briefly highlight their pharmacological profile. A recent study has shown that a NAAA inhibitor attenuated heat hyperalgesia and mechanical allodynia caused by local inflammation or nerve damage in animal models of pain and inflammation. This finding encourages further exploration of the pharmacology of NAAA inhibitors.
Introduction
The amides of long-chain fatty acids with ethanolamine, or fatty acid ethanolamides (FAEs), are a family of bioactive lipids that participate in the control of multiple physiological functions, including pain and inflammation. [1] [2] [3] [4] Polyunsaturated FAEs such as arachidonoylethanolamide (anandamide, Fig. 1 ) are endogenous agonists for G proteincoupled cannabinoid receptors and participate in the control of stress-coping responses and pain initiation. [1, 5] On the other hand, monounsaturated and saturated FAEs, such as oleoylethanolamide (OEA, Fig. 1 ) and palmitoylethanolamide (PEA, Fig. 1 ), are potent or moderately potent agonists of the peroxisome proliferator-activated receptor-α (PPAR-α), a member of the nuclear receptor superfamily, which is responsible for most of their analgesic and anti-inflammatory properties. [4, 6, 7] FAEs are not stored in cells, but rather are produced on demand from cell membrane precursors. [8] [9] [10] OEA and PEA are generated in many mammalian tissues, including neurons [11] and innate immune cells, [12] where a selective phospholipase, Nacylphosphatidylethanolamine phospholipase D (NAPE-PLD) releases them by cleaving their membrane precursor, N-acylphosphatidylethanolamine. [13] The actions of these lipid messengers are terminated by enzyme-mediated hydrolysis, which is catalyzed by two known intracellular lipid amidases: N-acylethanolamine acid amidase (NAAA, previously referred to as N-acylethanolamine hydrolyzing acid amidase) [14] [15] [16] and fatty acid amide hydrolase (FAAH). [17, 18] These enzymes share the ability to cleave lipid amide bonds, but differ in primary structure, substrate selectivity, and cellular localization. NAAA is a cysteine hydrolase that belongs to the N-terminal nucleophile (Ntn) family of enzymes, [15, 16, 19] and bears a significant degree of sequence homology with the choloylglycine hydrolases, which share the ability to cleave non-peptide amide bonds. [20] NAAA displays a strong preference for saturated FAEs such as PEA, [15] while FAAH, a member of the amidase signature family of serine hydrolases, displays broader substrate selectivity, but hydrolyzes preferentially monounsaturated and polyunsaturated FAEs such as anandamide and OEA. [17] Moreover, NAAA seems to be mainly localized to the lysosomal compartment of macrophages, [21] whereas FAAH is a membrane-bound enzyme that is found on the outer face of mitochondria and endoplasmic reticulum of most mammalian cells. [22] Like other Ntn enzymes, such as acid ceramidase, a lysosomal enzyme that hydrolyses ceramide to sphingosine and fatty acid, [23, 24] NAAA is activated by auto-proteolysis, which occurs at acidic pH and generates a catalytically competent form of the enzyme. [25] Comparison of the primary structure of NAAA with those of the other members of the choloylglycine hydrolase family followed by site-directed mutagenesis experiments have unequivocally identified cysteine 131 (Cys-131) in mice, or cysteine 126 (Cys-126) in humans, as the catalytic residue responsible for both auto-proteolysis and FAE hydrolysis. [26, 27] The proposed mechanism of amide bond hydrolysis by Ntn enzymes consists in the attack of the catalytic N-terminal residue on the amide with formation of an acyl enzyme, followed by acyl enzyme hydrolysis with regeneration of the catalytically competent enzyme. [28, 29] According to this mechanism, the thiol group of the catalytic cysteine of NAAA would react with substrate with the formation of a thioester bond. Acylation of Cys-126 of human NAAA by β-lactones, a class of NAAA inhibitors, was recently demonstrated by mass spectrometry experiments. [30, 31] The pharmacology of PEA has been extensively investigated. [32] The compound inhibits peripheral inflammation and mast cell degranulation, [33, 34] and exerts strong antinociceptive effects in rat and mouse models of acute and chronic pain. [1, [34] [35] [36] Moreover, in mice it suppresses pain behaviors induced by tissue injury, nerve damage or inflammation. [4] These properties are dependent on PPAR-α activation, since they are absent in PPAR-α-deficient mice, blocked by PPAR-α antagonists and mimicked by synthetic PPAR-α agonists. [4, 37] The finding that PEA might attenuate skin inflammation and neuropathic pain in humans is highly significant and warrants additional clinical investigation. [38, 39] Endogenous levels of PEA and OEA (but not anandamide) undergo marked changes during inflammation. Stimulation with pro-inflammatory agents such as lipopolysaccharide (LPS) or carrageenan decreases PEA (and OEA) content in various cells and tissues of rodents. [3, 27, [40] [41] [42] The observation that synovial fluid from patients with rheumatoid arthritis and osteoarthritis contains lower amounts of PEA adds clinical relevance to previous findings. [43] The decrease in the cellular levels of PEA and OEA following an inflammatory stimulus is reversed by pharmacological blockade of NAAA-mediated FAE hydrolysis. [27, 44, 45] Moreover, protecting endogenous PEA and OEA from NAAA-catalyzed degradation in vivo has recently been reported to attenuate hyperalgesic and allodynic states elicited in mice and rats by local inflammation or nerve damage. [46] The previous findings suggest that sustaining the levels of PEA by inhibition of intracellular NAAA activity might represent a novel approach to control inflammation and pain. The search for NAAA inhibitors is still in its infancy, and has developed mainly through two approaches. The first one relies on the modification of the structure of one of the natural substrates, PEA, with the goal of discovering derivatives that are able to inhibit enzyme activity while showing selectivity versus other lipid amide-hydrolyzing enzymes, such as FAAH. The second approach focuses on compounds containing chemical functionalities that are known to react with the thiol group of cysteine, referred to as "cysteine warheads", in order to inactivate the catalytic cysteine in the catalytically-competent form of the enzyme, thus inhibiting its activity.
To date, a number of compounds originating from the two approaches have been discovered to inhibit NAAA activity with various potencies and selectivity. In this respect, it is important to point out that assay conditions should always be considered when comparing compounds' potencies. In fact, median inhibitory concentration (IC 50 ) values may change depending on whether the compounds are tested in cell-free, homogenates, or whole-cell assays. This review will describe the most representative inhibitors and will briefly highlight their pharmacological profile.
Analogues of PEA
The search for inhibitors of NAAA activity relied at first on the structure of the natural substrate, PEA. Analogues of PEA were prepared by modification or replacement of the amidic function. Different amides and various retroamides, esters, and retroesters of palmitic acid ( Fig. 2) were synthesized and evaluated for their ability to inhibit NAAA activity and their selectivity versus FAAH. [47, 48] The palmitic acid retro-amides N-pentadecylbenzamide (1) and Npentadecylcyclohexancarboxamide (2) were among the first potent and selective inhibitors of NAAA activity to be identified. [48] These compounds inhibited the activity of rat NAAA, from lung preparations, with IC 50 values of 8.3 μM and 4.5 μM, respectively, and did not inhibit rat FAAH at concentrations up to 100 μM. The mechanism of NAAA inhibition by compound 2 was determined to be reversible and non-competitive, based on kinetic analyses. Compound 2 was shown to inhibit NAAA activity in rat alveolar macrophages, although preincubation of cells with high micromolar concentration of the inhibitor was required to achieve significant enzyme inhibition.
Amines with a long alkyl chain were reported to inhibit rat NAAA activity. [49] In particular, alkyl amines with a chain length of 14 or 15 carbon atoms showed the strongest activity, with the pentadecylamine 3 displaying IC 50 of 5.7 μM. Esters of glycine with linear alkyl alcohols of 12 to 16 carbon atoms also inhibited NAAA activity. As observed with alkyl amines, the potency of glycine esters was modulated by the length of the alkyl chain, with highest inhibition of NAAA activity observed with the tridecyl ester 4 (IC 50 = 11.8 μM). Compounds 3 and 4 inhibited NAAA with a competitive mechanism, as determined by kinetic studies. The amine 3 and the glycine ester 4 exist in solution as protonated or nonprotonated species depending on the pH, and these species can interact differently with biomolecules. The selectivity of 3 and 4 against rat FAAH was therefore assessed at pH 5, the optimal pH of NAAA, and at pH 8.5, which is within the optimal range for FAAH. No inhibition of FAAH activity was observed at pH 8.5 for both compounds at 100 μM concentration, while at the same concentration only 25% and 7% decrease in FAAH activity was caused by compound 3 and 4, respectively, at pH 5.
A number of amides, retroamides, esters, retroesters and carbamates of palmitic acid were investigated to further explore PEA analogues as NAAA inhibitors and possibly obtain more potent compounds. [50] Among those compounds, only the esters of palmitic acid with cyclobutanol (5) and cyclopentanol (6) significantly inhibited the activity of human NAAA in membranes from HEK-293 cells stably overexpressing the enzyme (HEK-NAAA). When tested at 50 μM concentration, compounds 5 and 6 displayed 41% and 85% inhibition of NAAA activity, respectively. Kinetic analyses showed that cyclopentyl hexadecanoate 6 behaved as a competitive inhibitor of NAAA with an IC 50 of 10 μM, and did not exhibit inhibitory activity on FAAH. [50] In intact HEK-NAAA cells, compound 6 increased the levels of PEA without influencing the levels of anandamide and OEA, thus suggesting that it inhibited NAAA activity. [51] Further characterization of compound 6 was done in a model of chronic inflammation in rats, carrageenan-induced granuloma, [41] in which PEA levels are significantly reduced during inflammation. Local administration of cyclopentyl hexadecanoate, together with carrageenan, led to a reduction in inflammation as observed with PEA given at a comparable dose. [51] A series of PEA derivatives designed starting from N-pentadecylcyclohexancarboxamide, 2, led to the identification of 1-hexadecanoylpyrrolidine, 7, as a weak inhibitor of the activity of both recombinant rat NAAA (IC 50 = 25 μM) and rat FAAH (IC 50 = 21.8 μM) obtained from HEK-293 cells overexpressing those enzymes. [45] This compound was used as the starting point to discover additional inhibitors. Substitution of the pyrrolidine ring with other cyclic moieties resulted in a complete loss of inhibitory activity, while replacement of palmitic acid with 3-(p-biphenyl)propionic acid led to compound 8, which inhibited NAAA activity with an IC 50 of 2.12 μM and showed only 30% inhibition of rat FAAH activity at 100 μM. Compound 8 had no inhibitory effects on the lipid-hydrolyzing enzymes monoacylglycerol lipase (MGL) and N-acylsphingosine amidohydrolase (ASAH). Kinetic analyses demonstrated that compound 8 acted through a competitive mechanism. The ability of compound 8 to inhibit NAAA activity in cells was evaluated in the RAW264.7 macrophage-like cell line. Exposure of these cells to LPS is known to result in a significant decrease in cellular PEA levels. Compound 8 was able to counteract the LPS-induced PEA reduction in RAW264.7 cells.
The compound 1-isothiocyanatopentadecane (9, AM9023) was recently reported as a potent and competitive inhibitor of purified human NAAA activity with IC 50 of 0.35 μM, as measured with a fluorescent assay, and IC 50 of 0.6 μM obtained using a radioactivity-based assay. [31] Despite the presence of an isothiocyanate group, which was expected to react irreversibly with the cysteine in the enzyme active site, AM9023 was shown to be a reversible inhibitor. AM9023 was selective for human NAAA as compared to human MGL and rat FAAH, showing IC 50 > 10 μM on each of them.
Beta-lactone derivatives
The elucidation of the primary structure of NAAA and its classification as a cysteine hydrolase belonging to the N-terminal nucleophile (Ntn) family of enzymes oriented another line of research of NAAA inhibitors towards compounds containing chemical groups susceptible to nucleophilic attack by the thiol group of the catalytic cysteine. The screening of a series of molecules containing cysteine warheads led to the identification of the serinederived β-lactone (S)-2-oxo-3-oxetanyl-carbamic acid benzyl ester (10, Fig. 3 ), an inhibitor of hepatitis A virus 3C protease, [52] as a weak inhibitor of native rat lung NAAA activity (IC 50 = 2.96 μM). Structure-activity relationship (SAR) studies confirmed that the ability of 10 to inhibit NAAA depended on the β-lactone ring, rather than the carbamate fragment, because analogues lacking the β-lactone moiety were devoid of inhibitory activity. [27, 44] Replacement of the carbamate group with an amide yielded the compound N-[(3S)-2-oxo-3-oxetanyl]-3-phenylpropanamide (11, (S)-OOPP, Fig. 3 , IC 50 = 0.42 M), which was significantly more potent than 10 at inhibiting NAAA. Kinetic analyses revealed that 11 blocked NAAA through a noncompetitive mechanism. In addition, compound 11 did not inhibit rat FAAH or other lipid hydrolases, such as MGL and diacylglycerol lipase type-α, and showed some selectivity vs. acid ceramidase (IC 50 = 10.9 μM), a cysteine amidase that is both structurally and functionally related to NAAA. [16] The selectivity profile of 11 allowed to use this compound as a tool to investigate the effect of NAAA inhibition on inflammatory cells. When incubated with RAW264.7 macrophages stimulated with LPS, 11 inhibited NAAA activity in these cells, and blocked the LPS-induced reduction of PEA levels. [27] The presence of a chiral center in 11 allowed to explore the stereochemical requirements for enzyme recognition. The (S) stereochemistry at the α-carbon of the β-lactone ring turned out to be important for potent NAAA inhibition, as the enantiomer of compound 11, (R)-OOPP (12, Fig. 3 , IC 50 = 6.0 μM), showed a markedly diminished potency and did not inhibit NAAA activity when incubated with RAW264.7 macrophages stimulated with LPS.
Following the identification of the β-lactones 10 and 11 as NAAA inhibitors, this chemical class was extensively investigated to explore in more detail the SAR. The amidic chain turned out to be important for the modulation of NAAA inhibitory activity. Replacement of the 3-phenylpropanamide in 11 with a linear alkyl chain as in compound 13 (Fig. 3, IC 50 = 0.46 μM), did not affect the potency, whereas the introduction of more lipophilic residues, such as a 2-naphthyl group, compound 14 (IC 50 = 0.16 μM), or a p-biphenyl residue, compound 15 (IC 50 = 0.115 μM), yielded potent NAAA inhibitors. [44] Pharmacological characterization of 15 showed that the compound inhibited NAAA with a rapid, noncompetitive, and reversible (upon overnight dialysis) mechanism. The in vivo activity of compounds 11 and 15 was tested in mice implanted subcutaneously with polyethylene sponges instilled with the pro-inflammatory polysaccharide carrageenan. These implants induced a localized inflammatory response characterized by leukocyte infiltration and reduction of PEA levels in these cells. When compounds 11 and 15 were added to the sponges, they prevented both leukocyte infiltration and reduction of PEA levels. [27, 44] The ability of compound 11 to decrease inflammatory responses was not observed in PPAR-α deficient mice, and was mimicked by either exogenous PEA or the synthetic PPAR-α agonist GW7647. [27] The β-lactone moiety, which is crucial for NAAA inhibitory activity, is known to display low chemical and plasma stability. In particular, serine-derived β-lactones, including compounds 11, 14 and 15, are all hydrolyzed in aqueous buffer at pH 7.4 with half-life of less than 20 minutes. [53] On the other hand, β-lactones deriving from threonine, which have a methyl substituent at the β-carbon of the lactone ring, were reported to display increased stability in aqueous media compared to serine-derived analogues. [52, 54] Threonine-derived β-lactones were therefore investigated for their ability to inhibit NAAA activity and their stability in aqueous media and plasma. The recognition of these compounds at the enzyme active site was dependent on the stereochemistry at the two chiral centers. The preference for the (S)-stereochemistry at the α-carbon of the lactone ring observed with serine-derived β-lactones appeared to be reversed, since the threonine-derived β-lactone analogue of 11, compound 16, lost the ability to inhibit NAAA (IC 50 >100 μM), whereas its enantiomer, 17, having the (R)-configuration at the α-carbon, still inhibited NAAA activity, although with micromolar potency (IC 50 = 3.2 μM). [44] The same trend in potency was reported for compounds 18 (IC 50 = 10 μM), the threonine-derived β-lactone analogue of 10, and 19 (IC 50 = 1 μM). [53] Consistent with previous observations, [52, 54] these compounds displayed higher buffer stability than their serine-derived β-lactone analogues, with derivatives bearing a carbamate functionality at the α-carbon of the lactone ring being slightly more stable than the corresponding amides. However, no major improvement in plasma stability was observed. [53] A number of analogues were prepared bearing a carbamate functionality at the α-carbon of the lactone ring, and several potent NAAA inhibitors were identified within this chemical series. Among them, compound 20, also known as ARN077, [53] Replacement of the methyl group at the β-carbon of the β-lactone ring with more sterically demanding alkyl groups such as ethyl, iso-propyl and tert-butyl has been recently reported to generally increase the hydrolytic stability of the compounds, but negatively affect the NAAA inhibitory potency, although still remaining in the nanomolar range. [56] The compound ARN077 has been partially characterized for its pharmacological profile. Kinetic analyses with recombinant rat and human NAAA showed that ARN077 inhibited enzyme activity through a rapid and non-competitive mechanism. [30, 46] Inhibition of rat NAAA was reversible upon overnight dialysis, [46] whereas only partial reversibility was observed with the human enzyme. [30] Further investigation of the mechanism of inhibition by high-resolution mass spectrometry indicated that ARN077 reacts with the catalytically active N-terminal cysteine (Cys 126) of human NAAA to form a thioester bond. [30] The formation of the covalent yet hydrolysable thioester bond is consistent with the noncompetitive and partially reversible mechanism of inhibition of human NAAA. The selectivity of ARN077 was investigated by testing the compound on a panel of molecular targets including GPCRs, channels, transporters, and enzymes. At the concentration of 10 μM, the compound showed a clean profile on the targets of the panel. [57] Like other β-lactone-based NAAA inhibitors, ARN077 is rapidly hydrolyzed in plasma. [53] This instability precludes in vivo studies by systemic administration, but not by topical application. When applied on mouse skin, ARN077 attenuated, in a dose-dependent manner, heat hyperalgesia and mechanical allodynia caused by carrageenan injection in the animal paw or by sciatic nerve ligation. [46] Topical application of ARN077 also dose-dependently reduced UVB-induced heat hyperalgesia in rats whose glabrous skin of the hind paw was exposed to UVB radiation. These studies also showed that ARN077 normalized the levels of PEA and OEA, but not anandamide, in inflamed tissues of mice, and that its antinociceptive effects were prevented by the selective PPAR-α antagonist GW6471 and were absent in PPAR-α-deficient mice. These findings suggest that ARN077 modulated nociceptive responses in mice and rats by blocking NAAA-mediated FAE degradation and restoring FAE signaling at PPAR-α. [46] 
Conclusions
The discovery that FAEs exert analgesic and anti-inflammatory effects has stimulated a growing interest in the pharmacological modulation of their tissue levels. Since the action of these signaling molecules is terminated by enzyme-mediated hydrolysis, compounds that inhibit the enzymes responsible for FAE breakdown may represent new therapeutic agents for the treatment of pain and inflammatory states. NAAA is the primary hydrolyzing enzyme for the endogenous anti-inflammatory and analgesic molecule PEA. While a large number of inhibitors have been discovered for other hydrolases such as FAAH, relatively few compounds have been reported to inhibit NAAA activity.
Moderately potent inhibitors of NAAA have been obtained by structural modification of PEA. Most of these compounds inhibited enzyme activity in cell-free assays with IC 50 values in the low micromolar or submicromolar range, and a few of them were reported to inhibit NAAA activity in cells. The therapeutic potential of these compounds, however, remains to be evaluated as only cyclopentyl hexadecanoate was reported to reduce carrageenan-induced inflammation in rats following local administration with carrageenan.
Compounds containing a properly substituted β-lactone moiety represent the most potent inhibitors of NAAA activity reported so far. Several β-lactone derivatives inhibited NAAA with IC 50 in the low nanomolar range in cell-free assays. When tested in cells, compounds of this chemical class demonstrated NAAA inhibitory activity and restored PEA levels after challenge with proinflammatory stimuli. Although β-lactones display low plasma stability, thus preventing their systemic administration, topical application of the potent NAAA inhibitor ARN077 has been reported to dose-dependently attenuate heat hyperalgesia and mechanical allodynia elicited in mice by inflammation or nerve damage. This study suggests that β-lactone NAAA inhibitors could be envisaged as potential new anti-inflammatory and analgesic drugs for topical use. Under this clinical setting, the low plasma stability of these compounds can be considered as an advantage. In fact, NAAA inhibition would be restricted to the site of application of the drug, which upon reaching the systemic circulation would be converted into inactive metabolites thus strongly reducing their potential systemic side effects. The encouraging results in animal models of pain and inflammation observed with ARN077 applied topically support further exploration of the pharmacology of NAAA inhibitors. To this end, the discovery of compounds suitable for systemic administration would help better evaluate the therapeutic potential of NAAA inhibitors. Chemical structures of anandamide, oleoylethanolamide, and palmitoylethanolamide. 
